Single-mode 75 µm x 37 µm rectangular waveguide components, including horn antennas, couplers, and bends, for operation at 3 THz have been designed and fabricated using thick gold micromachining. THz transmission through these waveguides has been quasi-optically measured at 2.92 THz. This technology offers the potential for realizing miniature integrated systems operating in the 3 THz frequency range.
Introduction
The terahertz frequency regime is of great interest for a variety of scientific, military, and commercial applications. While quasi-optical approaches are commonly used at frequencies above 1 THz, miniature waveguide technology is essential for the integration of sources, passive components, and detectors into THz systems. In this work, we describe rectangular waveguide technology suitable for integration with planar sources and detectors operating near 3 THz.
The goal of this effort is to realize a full-height, single-mode rectangular waveguide technology in the 3 THz frequency range. The waveguides must be compatible with compound semiconductor devices such as GaAs-based quantum cascade lasers (QCL), eliminating deep silicon micromachining as an option. These lasers are edge emitters with a surface-normal E-field polarization, requiring the waveguides to have the short wall normal to the substrate, which reduces the required height but places any wafer bonds in high-current areas. Because of this, and to ensure good coverage over surface topography, wafer bonding was not used. Additionally, the desire to limit fabrication steps constrains the structure complexity in the vertical dimension.
While rectangular waveguides are commonly used and have been extensively reported at frequencies less than 1 THz [1, 2] , there have been no reports of singlemode rectangular waveguide measurements at frequencies above 1 THz. A 3-dimensional fabrication process for a 1.6 THz waveguide horn has been reported but did not include waveguide measurements [3] . Circular and rectangular waveguides with cross-sections of ~300 µm were reported at frequencies up to 3 THz but were overmoded at these higher frequencies [4] . More recently, waveguide-coupled cavity resonators with characteristic dimensions of ~100 µm operating near 1 THz were realized using silicon wafer-bonding [5] .
Design
The waveguide components were designed using design approaches scaled from lower frequencies and electromagnetic simulation using Ansoft HFSS. The waveguides are 75 µm wide and 37 µm high for a target band of 2.5 THz to 3.5 THz. The calculated TE 10 cutoff frequency is 2 THz, with the TE 20 and the TE 01 cutoff at 4 THz and the TM 11 cutoff at 4.5 THz. Assuming perfectly smooth ideal gold, the calculated loss at 3 THz is 10 dB/m. However, due to sidewall roughness and the very small skin depth of 50 nm, the actual loss will be higher.
Using these waveguides in a system requires the design of other components such as bends, antennas, and couplers. In particular, an H-plane horn antenna was designed for best impedance match and pattern shape given the restricted waveguide height. The horn has a 20° angle with an opening 300 µm wide, resulting in a calculated half-power beamwidth of about 30° in the H-plane and 60° in the E-plane. Additionally, the E-plane pattern is asymmetric due to the silicon substrate protruding at the bottom edge of the horn, which directs the beam upwards by about 20° for a 30 µm extension.
Fabrication
The waveguides were fabricated on 4" silicon substrates. First, a Ti/Au layer is deposited, followed by patterning of a 37-µm-thick photoresist mold and gold plating to define the walls. The roughness of the walls is defined by the sidewall roughness of the photoresist, which has been observed to be <0.1 µm compared to > 1 µm for precision machined parts [3] . Next, another Ti/Au layer is deposited over the photoresist waveguide walls. An additional photoresist layer is used to define a second 15-µm-thick gold layer, which serves as the waveguide lid. After the lid is electroplated, the photoresist is removed from the entire structure using a combination of wet and dry processes. This removes material about 200 µm into the waveguide, mandating photoresist removal holes in the tops of the waveguides. These holes, located along the current minima along the centerline of the waveguide, are small enough that very little energy should propagate through them and are spaced at integer multiples of a half wavelength to reduce their effect. After the photoresist is removed, the silicon substrates are diced and coated with a layer of Ti/Au to cover the exposed silicon faces. 
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Chraracterization To enable characterization of these waveguide components, a linear array of 16 structures is fabricated. The structures are designed on a 5 mm pitch and are designed for edge-coupling using H-plane horn antennas. A layout example of a set of structures intended to determine the loss per length of the waveguide is shown in Figure 2 . These structures use a trombone bend of varying length to realize up to 8 mm in path length difference. Other structures have different numbers of bends to characterize the loss per bend as well as couplers that are split and recombined to characterize the coupler loss. The array is placed into an aluminum test fixture using indium sheets as gasket material to prevent leakage around the edges of the structure. Inspection with a backlit microscope reveals that optical light can be seen through the waveguides and is not visible at the boundary between the waveguide array and the fixture.
The waveguides are characterized using a molecular gas laser source at 2.92 THz. The input beam power is approximately 1 mW and is sampled using a pyroelectric detector while the output beam is sampled using a Si bolometer. The input beam is a focused Gaussian beam with a beam diameter of approximately 1 mm, while the output of the horn antenna is re-focused onto the bolometer window with focusing mirrors. The waveguide array uses a micropositioner to enable optimization of alignment for maximum transmission. Figure 3 shows the measured transmission intensity as a function of position for two adjacent waveguides within the test array. There is a 60 dB difference between the signals when the waveguides are aligned and not aligned, showing that THz radiation is effectively guided by the waveguides and antennas.
For an input power of 1.2 mW, about 6 µW is collected at the bolometer for a straight waveguide with total length of 2.65 mm. The difference in the input beam area (~1 mm 2 ) and the size of the antenna aperture (~0.01 mm 2 ) accounts for most of the ratio between the input and output power. Transmission has been observed through waveguides with multiple bends and with 3 dB splitters. While the current measurements are not reproducible enough to extract the waveguide loss per length, this experiment reveals that THz radiation adequately propagates through these waveguides and corners for use in small integrated THz systems. 
Future Work
Future work will focus on improving fabrication and measurement. Photoresist residue absorbs THz energy, so further process development to ensure full photoresist removal is required. This, coupled with measurement improvements, will allow the determination of the loss per length and the loss of individual corners. Time domain spectroscopy measurements will allow the extraction of propagation constants. Antenna patterns may be measured by scanning a pinhole between the antenna and the collection optics. Finally, integration of this technology with a QCL will enable a small THz source with good beam quality.
Conclusions
Metal micromachined waveguides offering smoother sidewalls and improved dimensional control relative to conventional machining have been designed and fabricated for operation from 2.5 THz to 3.5 THz. Using a quasi-optical measurement, THz transmission was observed through straight waveguides, waveguides with multiple 90° bends, and waveguides with 3 dB splitters and combiners. This technology offers the opportunity to realize miniature integrated THz circuits.
